Abstract Ikaros encodes a zinc finger protein that is essential for hematopoiesis and that acts as a tumor suppressor in leukemia. Ikaros function depends on its ability to localize to pericentromeric-heterochromatin (PC-HC). Ikaros protein binds to the upstream regulatory elements of target genes, aids in their recruitment to PC-HC, and regulates their transcription via chromatin remodeling. We identified four novel Ikaros phosphorylation sites that are phosphorylated by CK2 kinase. Using Ikaros phosphomimetic and phosphoresistant mutants of the CK2 phosphorylation sites, we demonstrate that (1) CK2-mediated phosphorylation inhibits Ikaros' localization to PC-HC; (2) dephosphorylation of Ikaros at CK2 sites increases its binding to the promoter of the terminal deoxynucleotidetransferase (TdT) gene, leading to TdT repression during thymocyte differentiation; and (3) hyperphosphorylation of Ikaros promotes its degradation by the ubiquitin/proteasome pathway. We show that Ikaros is dephosphorylated by Protein Phosphatase 1 (PP1) via interaction at a consensus PP1-binding motif, RVXF. Point mutations that abolish Ikaros-PP1 interaction result in functional changes in DNA-binding affinity and subcellular localization, similar to those observed in hyperphosphorylated Ikaros and/or Ikaros phosphomimetic mutants. Phosphoresistant Ikaros mutations at CK2 sites restored Ikaros' DNA-binding activity and localization to PC-HC and prevented accelerated Ikaros degradation. These results demonstrate the role of CK2 kinase in lymphocyte differentiation and in regulation of Ikaros' function, and suggest that CK2 promotes leukemogenesis by inhibiting the tumor suppressor activity of Ikaros. We propose a model whereby a balance between CK2 kinase and PP1 phosphatase is essential for normal lymphocyte differentiation and for the prevention of malignant transformation.
Introduction
The Ikaros gene encodes a C2H2 zinc finger protein with expression that is restricted to hematopoietic cells and the pituitary gland [1, 2] . Proteins generated from the Ikaros gene contain two separate zinc finger domains. Four zinc fingers in the amino half of the protein take part in sequence-specific DNA binding [3] . The two zinc fingers at the C-terminus of the protein are responsible for proteinprotein interaction [4] , enabling Ikaros proteins to form dimers or multimers with different Ikaros isoforms or Ikaros family members. The association of full-length Ikaros with small Ikaros isoforms that lack DNA-binding zinc fingers results in a functionally inactive complex, and thus, small isoforms act as dominant inhibitors [3] . In humans, the function of the two largest Ikaros isoforms is regulated by their interactions with each other [5, 6] . In this article we summarize the evidence that CK2 kinase directly phosphorylates Ikaros and regulates its function as a tumor suppressor in leukemia.
Function of Ikaros
An essential requirement for Ikaros function is the ability to localize to pericentromeric-heterochromatin (PC-HC) [7] . Ikaros associates with histone deacetylase (HDAC)-containing complexes (NuRD and Sin3A, and Sin3B) [8] , although HDAC-independent repression via binding to the transcriptional corepressor CtBP has been described [9] . Ikaros also associates with Brg-1, a catalytic subunit of the SWI/SNF nucleosome remodeling complex, which acts as an activator of gene expression [10, 11] . The current hypothesis is that Ikaros binds the upstream region of target genes and aids in their recruitment to PC-HC, resulting in repression or activation of transcription of the gene [7, 12] . The ability to localize to PC-HC is essential for Ikaros' function as an activator or repressor of transcription. Thus, Ikaros can act both as an activator and a repressor of target gene expression, depending on whether it associates with the NuRD, the CtBP, or the SWI/SNF complex.
Ikaros is a tumor suppressor in leukemia
Homozygous dominant-negative (DN) Ikaros knock-out mice lack T, B, and NK cells, and antigen-presenting dendritic cells [13] . Heterozygous Ikaros DN-knockout mice develop T cell leukemia with 100% penetrance. T cell leukemia in Ikaros knock-out mice is associated with clonal expansion of leukemic cells and the loss of the single wild-type Ikaros allele [14] . These observations established Ikaros as a primary regulator of lymphoid development and a tumor suppressor. In human, Ikaros has been associated with a variety of malignancies including childhood ALL [15] [16] [17] [18] [19] infant T-cell ALL [20] , adult B cell ALL [21] , myelodysplastic syndrome [22] , AML [23] , and adult and juvenile CML [24] . Deletion of an Ikaros allele was detected in over 80% of BCR-ABL1 ALL, and deletion or mutation of Ikaros has been identified as a poor prognostic marker for childhood ALL [15, 16, 25] . These data established Ikaros as a major tumor suppressor in human leukemia.
Previous studies have demonstrated that Ikaros has essential roles in tumor suppression and in normal hematopoiesis. However, Ikaros is abundantly expressed in all hematopoietic cells and throughout the cell cycle, suggesting that its function might be regulated by post-translational modifications. Cell cycle-specific phosphorylation has been shown to regulate Ikaros' function during mitosis [26] , and sumoylation to regulate Ikaros function in transcriptional regulation [27] . In this article, we summarize our findings that CK2 kinase-mediated phosphorylation regulates Ikaros function in T cell differentiation and transcriptional regulation, as well as its protein stability.
Based on our results, we propose that increased CK2 kinase activity leads to hyperphosphorylation of Ikaros, loss of Ikaros' tumor suppressor function, and the development of leukemia.
CK2-mediated phosphorylation controls Ikaros DNAbinding affinity for c satellite DNA and its localization to pericentromeric-heterochromatin CK2 kinase has been shown to phosphorylate Ikaros at multiple sites, and indeed, CK2 kinase is responsible for the majority of Ikaros phosphorylation [28] . An early study demonstrated that some phosphorylation occurred in the region between amino acids 383 and 404 within exon 8, and at amino acid #63 [28] ; however, the remaining phosphorylation sites were unidentified. We performed in vivo phosphopeptide mapping, as well as mass spectrometry of endogenous Ikaros in murine thymocytes, to identify amino acids that are phosphorylated in vivo. These experiments identified four novel, evolutionarily conserved amino acids-#13, #23, #101, and #294, in addition to the previously reported sites, which are phosphorylated in vivo.
To determine whether phosphorylation affects the ability of Ikaros to bind DNA, gel shift experiments were performed with nuclear extracts from 293T cells that expressed wild-type Ikaros or Ikaros phosphomutants. NIH 3T3 cells do not express endogenous Ikaros, and have previously been employed to study the effects of Ikaros mutations on Ikaros DNA binding and subcellular localization [29] . Ikaros phosphomutants with mutation of specific phosphorylation sites to alanine are phosphoresistant, and those where the phosphorylation site is mutated to aspartate are phosphomimetic. Our results showed that phosphomimetic substitution at amino acid #13 or #294 decreases the ability of Ikaros to bind a c satellite DNA probe by fivefold. Mutation of the same amino acids to alanine did not produce changes in DNA-binding affinity. These data demonstrate that phosphorylation of a single amino acid controls the DNA-binding affinity of Ikaros toward c satellite repeats.
In hematopoietic cells, wild-type Ikaros localizes in pericentromeric foci and produces a punctate pattern when visualized by confocal microscopy [7] . To determine whether phosphorylation controls the localization of Ikaros to pericentromeric foci, we tested the effect of phosphorylation of individual amino acids on the subcellular localization of Ikaros. We expressed wild-type and phosphomutant Ikaros in NIH 3T3 cells by retroviral transduction. Our results showed that a single phosphomimetic mutation at amino acid #13 or #294 caused the re-distribution of Ikaros protein in the nucleus from pericentromeric localization to a diffuse nuclear-staining pattern, while phosphoresistant mutations produced no changes in the subcellular localization of Ikaros. These data suggest that targeting of Ikaros to PC-HC is regulated by its phosphorylation at specific amino acids.
Phosphorylation by CK2 controls Ikaros DNA-binding affinity for developmentally regulated Ikaros target genes Our next question was whether phosphorylation of Ikaros regulates its DNA-binding affinity toward known in vivo Ikaros target genes. Ikaros has been shown to bind to the D 0 regulatory sequence upstream of the TdT gene and to negatively regulate TdT expression [30] . Stimulation of thymocytes with PMA plus ionomycin induces thymocyte differentiation and leads to increased binding of Ikaros to the TdT D 0 regulatory sequence and rapid downregulation of TdT expression [30] . The molecular mechanisms that result in increased binding of Ikaros to the TdT D 0 regulatory sequence during thymocyte differentiation were unknown. We tested the ability of phosphomimetic Ikaros mutants to bind the TdT D 0 regulatory sequence by gel shift assay. Results showed that phosphoresistant mutation at amino acid #13 or #294 increases Ikaros' DNA-binding affinity toward the TdT D 0 regulatory sequence, while phosphomimetic mutation of amino acid #294 decreases Ikaros' ability to bind DNA by threefold as compared to wild type. These data suggest that phosphorylation of Ikaros controls its ability to bind to the regulatory sequence of the TdT gene.
We examined the ability of Ikaros to bind the TdT D 0 regulatory element during differentiation of CD4?/CD8? thymocytes. Electromobility shift assay was performed using nuclear extracts from unstimulated CD4?/CD8? thymocytes and from thymocytes 24 h following PMA plus ionomycin-induced differentiation. The results revealed that the affinity of Ikaros for the TdT D 0 regulatory region was reduced by threefold in unstimulated thymocytes as compared to PMA plus ionomycin-stimulated cells. Phosphatase treatment of nuclear extracts from unstimulated thymocytes increased the ability of Ikaros to bind the TdT D 0 regulatory region to that observed in stimulated cells. Phosphatase treatment did not induce significant changes in cells stimulated with PMA plus ionomycin. These results suggest that the decreased affinity of Ikaros for the TdT D 0 regulatory element in unstimulated thymocytes is due to direct phosphorylation.
To determine whether CK2-mediated phosphorylation of Ikaros has a role in regulating gene expression during T cell development, we examined changes in the phosphorylation of endogenous Ikaros at CK2 phosphorylation sites during thymocyte differentiation. Two-dimensional phosphopeptide mapping of endogenous Ikaros, in unstimulated thymocytes and in thymocytes induced to differentiate, showed that Ikaros undergoes dephosphorylation of amino acids #13 and #294 following the induction of thymocyte differentiation. These data suggest that the DNA-binding affinity of Ikaros for the TdT D 0 regulatory element during thymocyte differentiation is controlled by phosphorylation at specific amino acids. These results imply that the reversible phosphorylation of Ikaros at amino acids #13 and #294 are physiologically relevant in regulating expression of the TdT gene during thymocyte differentiation. Our studies suggest that one of the major factors that leads to increased Ikaros binding to the TdT D 0 regulatory element and the initiation of TdT repression is the dephosphorylation of Ikaros.
The effects of CK2 kinase inhibitors on the phosphorylation of Ikaros during T cell differentiation were studied using the VL3-3M2 murine thymocyte cell line. Following stimulation with PMA plus ionomycin this cell line is induced to differentiate in the same manner as primary thymocytes [31] . We compared phosphopeptide maps from in vivo-labeled endogenous Ikaros in untreated VL3-3M2 cells and after partial inhibition of CK2 kinase with TBB (a specific CK2 inhibitor). Partial inhibition of CK2 kinase in VL3-3M2 cells caused a loss of phosphorylation at amino acids #13, #23, #101 and #294, and at several other amino acids, that were difficult to resolve. These findings suggest that phosphorylation at amino acids #13, #23, #101 and #294 is very sensitive to the fluctuation of CK2 kinase activity, and that high CK2 kinase activity is necessary for in vivo phosphorylation of these amino acids.
We verified the ability of CK2 kinase to phosphorylate Ikaros at CK2 consensus phosphorylation sites using in vitro assays. Phosphopeptide mapping of the recombinant Ikaros phosphorylated in vitro by CK2 kinase produced a similar phosphopeptide map to that obtained for endogenous, in vivo-phosphorylated Ikaros in VL3-3M2 cells. The phosphopeptides generated in vitro co-migrated with those from VL3-3M2 cells when VL3-3M2 samples were loaded together with in vitro CK2 kinase samples. These results suggest that CK2 kinase directly phosphorylates amino acids #13, #23, #63, #101 and #294 in vivo.
Our studies suggest that dephosphorylation of Ikaros is an integral part of normal thymocyte differentiation. These data reveal a novel role for CK2 kinase-the regulation of thymocyte differentiation by controlling Ikaros activity. These data provide evidence that alteration in CK2 kinase activity and/or hyperphosphorylation of Ikaros can impair T cell differentiation and potentially play a role in leukemogenesis. 
Dephosphorylation of Ikaros by PP1 regulates its DNA-binding ability and pericentromeric localization
DNA-binding assays showed that the wild-type Ikaros expressed in 293T cells binds strongly to the c satellite A probe, while the PP1-nonbinding Ikaros mutant (IK-A465/ 7) does not. Incubation with calf intestinal alkaline phosphatase (CIAP) during the DNA-binding assay restored the DNA binding of the IK-A465/7 mutant to that observed for wild type Ikaros. This suggested that the loss of DNA binding in the PP1-nonbinding Ikaros mutant was due to increased phosphorylation. Next, we introduced phosphoresistant mutations in the PP1-nonbinding Ikaros mutant. The introduction of 11 phosphoresistant mutations at CK2 phosphorylation sites in the PP1-nonbinding Ikaros mutant (IK-A11 ? A465/7) restored its ability to bind the c satellite A probe. These results provide evidence that a lack of dephosphorylation by PP1 leads to hyperphosphorylation of Ikaros by CK2 kinase, and a loss of DNA-binding activity.
The PP1-nonbinding Ikaros mutant protein, IK-A465/7, showed a loss of pericentromeric-localization. Introduction of phosphoresistant mutations at CK2-phosphorylated residues also restored PC-HC localization of this mutant.
The experiments with Ikaros mutants that are unable to interact with PP1 provide strong evidence that CK2-mediated phosphorylation is one of the major mechanisms regulating Ikaros function in DNA binding and chromatin remodeling. These results reveal that dephosphorylation of Ikaros is essential for preserving its function in hematopoietic cells.
Lack of dephosphorylation leads to increased degradation of Ikaros due to CK2-mediated phosphorylation at PEST regions A comparison of mRNA and protein levels for wild-type and PP1-nonbinding Ikaros mutants suggested that the inability of Ikaros to bind with PP1 regulated the expression of Ikaros at the post-translational level. When transfected into 293T cells which do not express endogenous Ikaros, the protein level of the PP1-nonbinding Ikaros mutant (Ikaros A465/7) was more than fivefold decreased compared to wild-type Ikaros, despite the presence of similar levels of Ikaros mRNA. This suggested that the decreased Ikaros protein level observed for the Ikaros A465/7 mutant was due to an increase in degradation.
Ikaros phosphorylation sites that are phosphorylated by CK2 kinase are located within two typical PEST sequences [28, 36] . The PEST motifs function as targets for phosphorylation-mediated protein degradation [37, 38] . We compared the half-life of wild-type Ikaros to that of the PP1-nonbinding Ikaros mutant (A465/7), as well as the Ikaros A465/7 mutant that has phosphoresistant alanine mutations at eleven amino acids known to be phosphorylated by CK2 kinase in vivo (Ikaros-A11?A465/7) using a pulse-chase degradation assay. Our results showed that the loss of interaction with PP1 results in a severely shortened Ikaros half-life (eightfold). The presence of alanine mutations at CK2 phosphorylation sites stabilized the Ikaros A465/7 mutant protein and extended its half-life by fivefold. These results suggest that the phosphorylation of Ikaros by CK2 kinase at PEST regions promotes its degradation while dephosphorylation by PP1 stabilizes the Ikaros protein and extends its half-life. These results also suggest that a large percentage of Ikaros protein undergoes phosphorylation/dephosphorylation in vivo, since the loss of interaction with PP1 decreases protein levels by eightfold.
Degradation of Ikaros is mediated by the ubiquitin/ proteasome pathway
The evidence that Ikaros degradation is regulated by its phosphorylation at PEST sequences suggested that degradation might involve the ubiquitin/proteasome pathway. To test this hypothesis, the human MOLT-4 T-cell leukemia line was treated with the proteasome inhibitor Cbz-LLL (MG132) [39, 40] or left untreated. Immunoprecipitation experiments with anti-Ikaros and anti-ubiquitin antibodies revealed the presence of high molecular weight ladder-like complexes corresponding to Ikaros/ubiquitin conjugates. Treatment with MG132 increased the levels of detected Ikaros/ubiquitin conjugates, which provided further evidence that this complex is degraded by the proteasome. These results demonstrate that Ikaros is ubiquitinated in vivo, which suggests that the mechanism of Ikaros degradation involves the ubiquitin/proteasome pathway.
These data provide evidence that CK2-mediated phosphorylation of Ikaros regulates not only the function of the Ikaros protein, but also the Ikaros protein level in cells by inducing Ikaros degradation via the ubiquitin/proteosome pathway (summarized in Fig. 1 ).
Conclusion
Overexpression of the catalytic subunit of CK2 kinase in transgenic mice contributes to the development of T cell leukemia and lymphoma [41] [42] [43] [44] . Transgenic expression of the catalytic subunit of CK2 kinase also leads to lymphoproliferative and autoimmune disease [45] . Interestingly, all of these conditions have been observed in mice with impaired Ikaros function [14, [46] [47] [48] . Our studies demonstrate that CK2-mediated phosphorylation of Ikaros controls the essential functions of Ikaros including DNA binding, subcellular localization, and chromatin remodeling, as well as the level of Ikaros protein in cells (via ubiquitination and degradation). Phosphorylation of Ikaros by CK2 kinase also regulates cell cycle progression and Ikaros function in T cell differentiation. Since the overexpression of CK2 kinase and the loss of Ikaros function have been strongly associated with leukemogenesis, we propose that increased CK2 kinase activity leads to impaired function and/or degradation of Ikaros which results in malignant transformation and the development of leukemia (summarized in Fig. 2 ). Future research efforts will be directed toward testing this model and dissecting the molecular mechanisms by which the CK2 signal transduction pathway promotes leukemogenesis. 
